In this paper, we apply a hierarchical tracking strategy of planar objects (or that can be assumed to be planar) that is based on direct methods for vision-based applications on-board UAVs. The use of this tracking strategy allows to achieve the tasks at real-time frame rates and to overcome problems posed by the challenging conditions of the tasks: e.g. constant vibrations, fast 3D changes, or limited capacity on-board. The vast majority of approaches make use of featurebased methods to track objects. Nonetheless, in this paper we show that although some of these feature-based solutions are faster, direct methods can be more robust under fast 3D motions (fast changes in position), some changes in appearance, constant vibrations (without requiring any specific hardware or software for video stabilization), and situations in which part of the object to track is outside of the field of view of the camera. The performance of the proposed tracking strategy onboard UAVs is evaluated with images from realflight tests using manually-generated ground truth information, accurate position estimation using a Vicon system, and also with simulated data from a simulation environment. Results show that the hierarchical tracking strategy performs better than well-known feature-based algorithms and wellknown configurations of direct methods, and that its performance is robust enough for vision-in-theloop tasks, e.g. for vision-based landing tasks.
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Introduction
Robust visual estimation at real-time frame rates is one of the main problems when addressing the visual tracking task on-board UAVs. If the difficulties to obtain it are overcome, the recovered visual information can be used in a variety of vision-based control tasks, allowing to expand the vehicle's capabilities (e.g. vision-based landing, visual inspection), or to cope with vulnerabilities of other on-board sensors (e.g. GPS fallouts, Inertial Navigation System -INS-drift).
In previous works [1-3], we have used featuresbased methods [4] to track planar scenes on-board UAVs (Unmanned Aerial Vehicles). We have seen that in the application of tracking on-board UAVs (see Fig. 1 ), the adopted feature-based Fig. 1 Tracking on-board UAVs. Robust real-time tracking allows to expand the vehicle's capabilities by using the tracking algorithm in vision-based control tasks, such as landing, visual inspection, etc.; or by using it to cope with vulnerabilities of other on-board sensors, such as GPS drop-outs or INS drift strategies are very sensitive to strong motions (e.g. vehicle vibrations and fast 3D changes), being it difficult to find a compromise between achieving real-time and accurate estimations (defining a specific number of good features to track without increasing the processing time). Although multiresolution (MR) approaches (e.g. [5] ) can help coping with strong and large motion problems, constant vehicle vibrations, a low computational capacity available on-board, and delays in the communication (when images are processed on the ground), are problems that make the MR strategies insufficient to properly perform the tracking task. Additionally, it has also been observed that when using feature-based methods under strong motions, the accumulation of errors make the tracking algorithm fail after just a few frames, affecting and making on-line tests difficult.
In this paper, we present a hierarchical tracking strategy based on direct methods [6] for tracking on-board UAVs. Direct methods have the advantages of solving, without intermediate steps, the motion of the camera and the matching of the pixels using the intensity information of all the pixels of the object to track, without identifying a special set of features. However, in most situations, feature-based methods are preferable to direct methods. This is because direct methods are based on some constraints [6] that are, in some cases, very difficult to preserve, and their speed is dependent on the number of pixels in the image template (the one that contains the object to track), being it sometimes difficult to achieve real-time frame rates.
Nonetheless, the tracking strategy used in this paper (based on direct methods) is robust under long frame-to-frame motions, and under constant vibrations. This permits to obtain a robust object tracking without compromising the real-time operation required in on-line applications.
In the literature, different strategies have been presented to solve the tracking problem in aerial images. Most of the strategies are based on feature-based methods [3, [7] [8] [9] [10] , and just a few have explored the use of direct methods [1, 11] .
In this paper, a hierarchical strategy in terms of image resolution and number of parameters estimated in each resolution is used. This strategy permits to improve the tracking task in situations where MR approaches are not enough to cope with long frame-to-frame motions. In the literature, to the authors' knowledge, this strategy has not been presented for solving the on-line tracking problem on-board autonomous vehicles. For this reason, the intention of this paper is also to expand the use of direct methods in real-time applications (e.g. vision-based landing).
Our strategy uses the efficient Inverse Compositional Image Alignment Algorithm ICIA [12] in a Hierarchical Multi-Parametric and MultiResolution framework (HMPMR-ICIA), that
